Objective-Due to significant individual variability in Attention Deficit/Hyperactivity Disorder (ADHD) medication response, there is increasing interest in identifying genetic predictors of treatment effects. This study examines the role of 4 catecholamine-related candidate genes in moderating methylphenidate (MPH) dose-response.
Introduction
Although abundant data indicate that stimulant medications improve symptoms of Attention Deficit/Hyperactivity Disorder (ADHD), 1 notable variability exists in their optimal dosage and duration of effect. [2] [3] [4] No consistent predictors of ADHD medication response have been identified. 5 Hence, there is growing interest in investigating the role of genetics in predicting treatment response. [5] [6] [7] To date, ADHD pharmacogenetic studies have focused on catecholamine-related polymorphisms. 8, 9 The majority of studies have investigated the role of polymorphisms in a variable number tandem repeat (VNTR) in the dopamine transporter (DAT) gene's 3' untranslated region, 10 as DAT inhibition is a primary mechanism of action for methylphenidate (MPH), 11 and some studies have implicated the DAT 10-repeat allele in ADHD susceptibility. 12 However, prior DAT studies have yielded disparate findings. Some suggest diminished [13] [14] [15] [16] and others improved 17 MPH response with 10-repeat homozygosity, diminished MPH response with 9-repeat homozygosity, 18, 19 or no effect, [20] [21] [22] [23] [24] [25] [26] with Cohen's d effect sizes of 0.41-2.14. 16 Many studies have also evaluated polymorphisms in the dopamine receptor D 4 (DRD4), which regulates dopamine synthesis, release, and neuron firing rate. 27 Although the association between ADHD susceptibility and the 7-repeat VNTR in DRD4's exon III is one of the most replicated findings in psychiatric genetics, 28 outcomes of DRD4 pharmacogenetic studies have been variable, with some showing diminished, 29, 30 improved, 22, 31 or no effect 13, [24] [25] [26] 32 on MPH response with the 7-repeat allele, and others documenting significant effects 20, 33 or no effect 20, 24 on MPH response for the 4-repeat allele, with Cohen's d effect sizes of 0.39-1.56. 30, 32 Other genes of increasing interest in ADHD pharmacogenetic studies include the adrenergic α 2A -receptor (ADRA2A) and catechol-O-methyltransferase (COMT). ADRA2A encodes a norepinephrine autoreceptor whose activation limits norepinephrine release. 34 To date, three pharmacogenetic studies have evaluated the role of a −1291 C>G single nucleotide polymorphism (SNP) in the ADRA2A promoter region, 35 and have associated the G allele with improved MPH response, with Cohen's d effect sizes of 0.42-0.68. [36] [37] [38] Other studies have focused on COMT, which catabolizes dopamine and norepinephrine. A functional polymorphism at COMT's codon 158 results in a single amino acid change (met for val) which changes enzyme activity levels. 39 Two of three studies have suggested a significant association between MPH effects on ADHD symptoms and this COMT polymorphism 20,25,40 (Cohen's d effect sizes not available).
Thus, inconsistent findings have emerged regarding the effects on methylphenidate response for polymorphisms in DAT and DRD4, the most well-studied genes, and there is emerging interest in ADRA2A and COMT. There are concerns that small sample sizes, study design variations (open-label vs. randomized controlled trials), outcome measure differences, sample differences, and varying dosing regimens may be partially responsible for the disparate findings to date. 8, 9, 41, 42 For example, only three ADHD pharmacogenetic studies in school-age children have been randomized, placebo-controlled, and double-blinded. [18] [19] [20] Only two school-age 19, 33 and one preschool trial 32 have used parent and teacher outcome ratings. Given that most children spend the period of peak stimulant blood levels with teachers rather than parents, and that the association between genotype and psychostimulant response has varied by outcome informant in several studies, 19, 32 the inclusion of both parent and teacher ratings is important in ADHD pharmacogenetic studies. 43 In addition, few studies have evaluated response at more than one dose, 18, 20, 32 and little attention has been given to possible gene*dose interactions, 20, 32 despite the potential of such knowledge to guide MPH dosing practices in the clinical setting. Furthermore, prior ADHD pharmacogenetic samples were recruited primarily from specialty clinics, [14] [15] [16] 18, 19, 21, 24, 25, 30, 31, 33, 36, 38, 40, 44 and included children with a history of previous stimulant treatment (see McGough et al 32 and Cheon et al 40 for exceptions). As a result, prior samples may contain higher numbers of treatment-refractory children, and may not be representative of newly diagnosed or previously untreated children.
Using a randomized, double-blind, placebo-controlled crossover trial of multiple methylphenidate doses in stimulant-naïve school-age children, we investigated the role of four catecholamine-related candidate genes in moderating ADHD treatment response. Outcome measures included parent and teacher ADHD symptom ratings, with gene*dose interactions serving as our primary predictor of interest in models. We hypothesized that individual candidate genes would be associated with variability in methylphenidate doseresponse curves.
Method

Participants and Procedures
Stimulant-naïve children ages 7-11 were recruited for a study on methylphenidate effects on neuropsychological outcomes. Recruitment materials were sent to local schools, pediatricians' offices and hospitals, and email and print advertisements were distributed. Written informed consent/assent was obtained from all parents/caregivers and participants according to the Cincinnati Children's Hospital Institutional Review Board-approved protocol. ADHD diagnosis was determined using methodology similar to the Multimodal Treatment Study of ADHD. 45 Children were considered to meet criteria for a symptom domain (i.e., inattention and/or hyperactivity/impulsivity) if the parent/caregiver on the Diagnostic Interview Schedule for Children (DISC 46 ) and the teacher on the Vanderbilt ADHD Teacher Rating Scale 47 reported 6 non-overlapping symptoms in a symptom domain and both parent and teacher reported at least 4 symptoms in that domain. Based on the neuropsychological outcome study specifications, inattentive and combined type participants were recruited in equal ratio and hyperactive-impulsive type was excluded. Participants were required to meet ADHD DSM-IV criteria for onset age, pervasiveness, and impairment as reported on the DISC. Furthermore, families were interviewed by a trained clinician (pediatrician or psychologist) to confirm the diagnosis and obtain a Clinical Global Impression of functional severity (CGI-S). In addition, participants were administered the Wechsler Abbreviated Scale of Intelligence and the Wechsler Individual Achievement Test -2 nd edition word reading and numerical operations subtests and required to achieve standard scores of ≥80 on these measures in order to exclude possible learning disorders.
Children were evaluated for psychiatric comorbidities using the DISC. Those with mania/ hypomania were excluded; comorbid oppositional defiant disorder, conduct disorder, depression, and anxiety disorders were allowed unless determined to be the primary cause of ADHD symptomatology or requiring different treatment. Children were also excluded if their medical history suggested significant brain injury.
A total of 162 children were assessed for study participation, and 105 met all inclusion criteria. Among those meeting inclusion criteria, 5 dropped out due to no longer wanting to try ADHD medications, 3 could not swallow pills, 3 lost contact with study staff, 3 did not consent to provide a genetic sample, and 2 did not provide enough DNA for analysis. Thus, 89 children participated in the medication trial and genetic analyses. Among the 89 participants, mean age was 8.1 years, and 28% were female. Table 1 details sample characteristics.
Medication Trial
Subjects participated in a four-week, double-blind, crossover trial of long-acting osmoticrelease oral system (OROS) methylphenidate (Concerta®), during which children were randomly assigned to one of six dosing schedules that included three active dosage weeks (18mg, 27mg, 36mg for children ≤25kg; 18mg, 36mg or 54mg for children >25kg; sample mean maximum dose=1.57 mg/kg/day ) and one week of placebo (see Table S1 , available online). Study medication consisted of identical capsules filled with either an inert white powder (placebo) or the prescribed dose of Concerta® over-encapsulated to preserve double-blind.
Outcomes
The Vanderbilt ADHD Parent Rating Scales (VADPRS) 48 and Vanderbilt ADHD Teacher Rating Scales (VADTRS) 47 were completed at baseline and each week of the trial. 47, 48 An inattentive domain score was generated by totaling scores from the nine inattention symptoms; a hyperactive-impulsive domain score was derived by totaling scores from the nine hyperactive-impulsive symptoms. Internal consistency reliability is good to excellent for each of the VADTRS subscales 47 and excellent for the VADPRS subscales; 48 concurrent validity with the DISC is high (r=0.79). 48 Correlations between the VADPRS and VADTRS are small to medium for both the inattentive (r=0.33-0.34) 49, 50 and hyperactive-impulsive (r=0.27-0.36) 49,50 domains.
Primary Predictors
We evaluated the association between methylphenidate effects on ADHD symptom domains and polymorphisms in DAT, DRD4, ADRA2A, and COMT.
Participants provided saliva samples for DNA extraction by spitting into an Oragene cup, with DNA extracted using the manufacturer's protocol (DNA Genotek, Ottawa, Canada). Genotyping success rate was 98% as two subjects provided an insufficient saliva sample for genetic analysis. For VNTR genotyping, established assays as described by Hamarman et al 30 and Stein et al 18 were used for the DRD4 exon III and DAT 3' untranslated region VNTRs respectively. Genotyping was performed using theTaqMan allelic discrimination system (Applied Biosystem, Forest City, CA) for the ADRA2A -1291 C>G SNP and COMT codon 158 SNP. An ABI-7500 real-time PCR system was used for post-PCR-read allelic discrimination.
Statistical Analysis
Genotype frequencies were calculated and chi-square statistics were used to test them against expected counts according to Hardy-Weinberg equilibrium principles. Given the lack of consensus regarding the relevant genotyping groupings in ADHD pharmacogenetic studies, 9 in order to minimize multiple testing on non-independent genotypes, we defined genotypes empirically based on allele frequencies as suggested by McGough et al. 20 Participant genotypes were categorized using a three-level variable: homozygous(+/+), heterozygous(+/−), or absent(−/−), with reference to the most common allele.
Linear mixed models, including all four polymorphisms in each model, evaluated gene, dose (mg/kg/day), and gene*dose (mg/kg/day) effects on ADHD symptom scores (SAS Proc MIXED, SAS Version 9.2, SAS Institute, Cary, NC). The inattention and hyperactiveimpulsive domain outcomes were evaluated in separate models, as some studies have found genetic effects on medication response in one but not both ADHD symptom domains. 25, 36, 44 Gene*dose effects serve as our primary predictor to determine if the genetic variants display unique MPH dose-response curves. Main gene effects (which show that the genotypes display consistently different symptom levels on placebo and across doses) are of lesser interest as they imply differential risk for ADHD symptoms independent of methylphenidate treatment. We included covariates in the model that have been variably associated with ADHD medication response, including IQ, 51 ADHD subtype, [52] [53] [54] and mental health comorbidities, 51 such as disruptive behavior disorders (DISC-diagnosed oppositional defiant disorder and conduct disorder) and anxiety disorders (DISC-diagnosed social phobia, separation anxiety, panic, agoraphobia, generalized anxiety disorder, obsessive compulsive disorder, and/or post-traumatic stress disorder). Models also included baseline parent and teacher ratings for each domain to account for any genotype differences in initial symptom severity, 55 and to minimize false positive results associated with regression to the mean. In order to accommodate both parent and teacher ratings in the same models, 43 a rater variable was also included in the models to control and assess for effects of parent versus teacher ratings. In recognition that we utilized two primary outcomes (inattention scores and hyperactive-impulsive scores), as per McGough et al, 20 α was set at .025 based on the Bonferroni correction. All tests were two-tailed. Given their respective minor allele frequencies, we had 80% power to detect gene*dose effect sizes of 0.61 for DAT, 0.45 for DRD4, 0.81 for ADRA2A, and 1.03 for COMT.
For significant gene*dose interactions, post-hoc tests of differences between groups were conducted to further explore interaction effects, and effect sizes were calculated based on Cohen's d. Although race/ethnicity has not been a significant predictor of MPH response, [56] [57] [58] concerns in candidate gene studies have been raised about false positive results due to population stratification (i.e., confounding due to ancestry-associated differences in allele frequencies in sample subpopulations). Hence, for models with significant gene*dose interactions, we conducted secondary analyses to evaluate potential confounding by race as suggested by Kleinbaum et al. 59 Race was modeled as a dichotomous variable comparing those with parent/caregiver-reported African American ancestry to all others. Percent change in the gene*dose beta coefficient was then assessed in models that lacked adjustment for race compared to those that included race as a covariate, with >10% considered evidence of potential confounding. Further, we conducted stratified analyses which included only Caucasian participants to determine if the pattern of results differed from the full sample models.
Results
Genotype Frequencies
Candidate genes, allele frequencies, and analyzed genotype groupings appear in Table 2 . Genotypes met criteria for Hardy-Weinberg equilibrium (all p>0.3).
Inattentive Domain Findings
A linear main effect of dose on inattentive scores, indicating greater symptom reductions as dosages increased, was observed across genotypes (p<0.001), but no significant main gene effects or gene*dose interactions were observed (all p>0.025, Table 3 ).
Hyperactive-Impulsive Domain Findings
Significant linear main dose effects on hyperactive-impulsive scores were observed across genotypes (p<0.001, Table 3 ), indicating greater reductions in hyperactive-impulsive symptoms as dosages increased.
We observed DAT*dose effects on hyperactive-impulsive scores (p=0.008, Table 3 ). Those lacking the 10-repeat allele showed greater improvement across MPH doses compared to 10-repeat carriers (Figure 1) , with effect sizes of 0.59-0.64. Post hoc comparisons showed that 10-repeat heterozygotes and homozygotes did not differ in their gene*dose response (β=0.56, p=0.32). Thus, individuals with no 10-repeat alleles would have a mean reduction of 56% in their hyperactive-impulsive scores at 2mg/kg/day of methylphenidate compared to placebo, while 10-repeat carriers would have a less robust reduction of 37-44%. DRD4*dose effects on hyperactive-impulsive scores were also identified (p=0.02, Table 3 ). Those lacking the 4-repeat allele showed less improvement across MPH doses compared to 4-repeat carriers (Figure 2) , with effect sizes of 0.40-0.61. Post hoc comparisons showed that 4-repeat heterozygotes and homozygotes did not differ in their gene*dose response (β= −0.69, p=0.26). Our findings suggest that individuals with no 4-repeat alleles would have a mean reduction of 23% in their hyperactive-impulsive scores at 2 mg/kg/day of methylphenidate compared to placebo, while 4-repeat carriers would have larger reductions of 40-49%.
In secondary analyses, the inclusion of race as a covariate did not affect the DAT*dose and DRD4*dose hyperactive-impulsive domain findings, as their beta coefficients' percent change was ≤2% when comparing models that included race as a covariate versus those that did not. In analyses limited to Caucasian participants, the DAT*dose effects were somewhat and the DRD4*dose effects more markedly attenuated (p=0.02 and p=0.51 respectively) in these models of reduced sample size (N=71).
A main effect on hyperactive-impulsive domain scores was detected for the ADRA2A polymorphism (p=0.003), with G homozygotes displaying higher symptom levels on placebo and continuing at these higher levels as MPH doses increased. The ADRA2A*dose interaction fell short of our threshold for statistical significance (p>0.025), and there were no notable main gene or gene*dose effects observed for COMT (Table 3) .
Discussion
Results of this double-blind, placebo-controlled ADHD pharmacogenetic trial of psychostimulant-naïve school-aged children suggest DAT and DRD4 variations may be associated with unique MPH dose-response curves. Children lacking the DAT 10-repeat allele and those with the DRD4 4-repeat allele had a more robust methylphenidate response compared to alternate genotypes, consistent with an improved response for the ADHD susceptibility low risk alleles.
Our findings suggest possible MPH dose-response differences based on DAT genotype, with those lacking the 10-repeat showing improved MPH effects on hyperactive-impulsive symptoms and a trend toward improvements in inattentive scores across doses. This is consistent with a prior meta-analysis and several individual studies [13] [14] [15] [16] showing diminished rates of MPH response for 10-repeat homozygotes, although other studies have linked the 9-repeat allele to blunted response. [17] [18] [19] Our findings are in line with studies demonstrating functional effects of the DAT VNTR polymorphisms after methylphenidate administration, including greater increases in basal ganglia DAT density 15 and a failure to increase short interval cortical inhibition (measured via transcranial magnetic stimulation) 60 for 10-repeat homozygotes compared to other groups, although it should be noted that, unlike these studies, we did not observe differences between 10-repeat homozygotes and heterozygotes.
We found that the DRD4 4-repeat allele may be associated with improved MPH response across doses compared to other VNTR lengths, congruent with observations of the 4-repeat's enhanced receptor expression 61 and increased sensitivity to dopamine 62 in some studies, although other studies have not demonstrated major pharmacological differences for the DRD4 variants. 63 Our findings echo Cheon et al 33 and McGough et al, 32 who also used teacher ratings for outcome assessment. In contrast, two additional studies found no relationship between the DRD4 4-repeat and MPH effects on ADHD symptoms, but unlike our study, neither considered teacher ratings. 20, 24 McGough et al studied the effects of MPH on math performance, 20 and found that those lacking a 4-repeat allele showed an improved response to methylphenidate at lower doses but deterioration at higher doses. Although the DRD4 variants' math performance MPH dose-response curves in this sample differed from our findings regarding hyperactive-impulsive symptoms, this is not unexpected given studies identifying MPH dose-response differences for learning compared to social behavior outcomes. 64 It is uncertain why the DRD4 effects on MPH response that we observed were limited to the hyperactive-impulsive domain, as some ADHD etiology studies have suggested a predominant effect of this VNTR on inattentive symptoms, 65 while others have suggested a preferential effect on hyperactive-impulsive symptoms. 66 We observed a main effect of ADRA2A genetic variants on MPH response such that the G allele was associated with significantly higher ratings of hyperactive-impulsive symptoms on placebo and across doses. This is consistent with studies showing an association between increased ADHD symptomatology and the G allele, although prior studies found a stronger association with inattentive rather than hyperactive-impulsive ratings. [67] [68] [69] [70] ADRA2A*dose interactions did not meet our threshold for significance. Prior studies observing a significant association between the G allele and improved MPH response on inattentive symptoms 36, 37 or on total symptoms (but not inattentive symptoms alone, with borderline significant effects on hyperactive-impulsive symptoms) 38 evaluated response to a single MPH dose and did not evaluate ADRA2A*dose interactions. [36] [37] [38] COMT was not significantly associated with MPH response, although our pattern of results suggest that val homozygotes experienced greater improvements in hyperactive-impulsive symptoms with increasing doses compared to other groups (p=0.09). This pattern is consistent with 2 prior studies 25, 40 which found significant effects of the COMT genotypes on responder/nonresponder status 25, 40 or change in ADHD symptom scores after MPH treatment, 25 but did not evaluate gene*dose interactions.
Our study has a number of limitations, including that we adjusted our level of significance by a factor of two (p=0.025) in recognition that we ran two analytic models (one for each outcome), but did not correct for the number of polymorphisms evaluated. Had we made Bonferroni corrections for both the number of models/outcomes and polymorphisms evaluated, the adjusted α would be 0.006. None of our gene*dose interactions met the 0.006 level of significance, although the DAT*dose effect on hyperactive-impulsive symptoms would have been borderline (p=0.008). Additionally, our sample size, while larger than three 18, 20, 32 of the four 19 prior pediatric ADHD pharmacogenetic controlled trials, is modest. Due to sample size considerations, we were unable to conduct a genome-wide association study, which can be used to identify genetic variants that have not previously been hypothesized to influence stimulant response (e.g., the glutamate receptor 7 gene). 71 Although we recognize the possibility of elevated false positives when using a candidate gene approach, 20 corroboration of our DRD4 32, 33 and DAT [13] [14] [15] [16] findings in prior studies provides some reassurance that our results are not false positives. However, we cannot exclude the possibility that other polymorphisms in linkage disequilibrium with the DRD4 and/or DAT variants may be responsible for the observed effects.
Additional limitations include the restricted duration of follow-up and the heterogeneity of our sample due to recruitment from a variety of sources. Further, our sample had more inattentive (52%) than combined subtype (48%) participants. Although consistent with the subtype distribution in many epidemiologic samples, [72] [73] [74] [75] [76] this differs from clinic settings where combined type is most common.
Our study is further limited because we did not evaluate the relationship between the catecholamine-related genes and MPH side effects despite increasing evidence of the important role that allelic variants may play in predicting methylphenidate tolerability. 20, 32 There is also growing recognition that genetic factors are unlikely to act in isolation, but limited sample size precluded our evaluation of gene-gene and gene-environment interactions on methylphenidate dose-response. We found effects of moderate size for the individual DRD4*dose and DAT*dose interactions, but were unable to determine the magnitude of their likely larger combined effects. As we move toward personalized ADHD treatment, pharmacogenetic studies with larger samples and a range of outcomes (i.e., efficacy and side effects) are needed to determine the clinical utility of genomic information. Table 3 Gene, Gene*Dose (G*D), and Dose Effects a 
